Abstract: Blow flies (Diptera: Calliphoridae) are carrion-breeding flies that are commonly used as evidence in forensic investigation. An adequate knowledge of ecological and geographical data of blow fly has a direct application in forensic science, as far as estimating time of colonization or corpse relocation. The aim of this study was to evaluate the occurrence of four species of Chrysomyinae (Chrysomya pinguis, Chrysomya chani, Chrysomya villeneuvi, and Ceylonomyia nigripes) across six land use types in central Chiang Mai, northern Thailand. Eighteen study sites were selected for sampling across three districts of Chiang Mai province (Mueang Chiang Mai, Mae Rim, and Hang Dong). Adult flies were collected every two weeks using a funnel trap baited with 1-day tainted beef offal. The predicted geographic distributions of forensically important blow fly species were modeled using the computer program ArcGIS, based on selected climatic variables (temperature, relative humidity, and light intensity) recorded at study sites. During the study period, 1298 adult flies were collected, with peak fly occurrence during summer (April-May). Seasonal fluctuation patterns varied depending on fly species. Climatic factors displayed diverse impact on associated fly populations. Identified species were restricted mainly to mixed deciduous forests (MDF) especially in the mountainous area. None of these flies were trapped in an urban area.
Introduction
Many blow flies (Diptera: Calliphoridae) species are carrion-breeding and have veterinary, medical, and forensic importance [1, 2] . They play a prominent role as vectors of human as well as livestock, pathogens [1, 2] . Additionally, they are currently the most commonly used arthropod group in forensic entomology research to determine time of colonization as related to the post-mortem interval (PMI min ) as they are commonly associated with decomposing human remains [3, 4] . The presence and abundance presence and abundance of such species are useful for reconstructing crime scenes, as particular carrion-associated species have different environmental requirements, therefore they colonize carcasses in different habitats [5] .
In Thailand, the vast majority of forensic important species investigations have been focused on species identification [6] [7] [8] , developmental rate of immature stage [9, 10] , and insect succession [11, 12] . Furthermore, fly surveys have been conducted on a local scale or limited to only specific land use types, for instance, in forest or in mountainous area [13, 14] . Knowledge about the spatial and temporal distributions is still lacking. There is very little literature on the geographic distribution of forensically important flies in Thailand, and published studies focused on the common species (e.g., C. megacephala, C. rufifacies, and M. domestica) [15, 16] .
The objective of this study was to evaluate the occurrence of Chrysomyinae (Diptera: Calliphoridae) across a variety of land use types in central Chiang Mai, northern Thailand. Four species of blow fly in the subfamily Chrysomyinae were chosen because they are among the most prominent groups of insects associated with corpses and carrion, and are therefore important forensic indicators. Furthermore, they have been reported from human corpses in many countries [17] [18] [19] [20] . To utilize these flies as evidence in forensic investigations, one needs to know where they occur. Blow flies are ectotherms, temperature heavily influences their development, behavior, and physiology [21] . But the influence of temperature and other climatic factors (relative humidity and light intensity) on their geographic distribution is unknown. In this study, the relationship of fly abundance with climatic factors was studied. Maps of predicted distributions for four species of carrion-associated Chrysomyinae were constructed using ArcGIS program.
Materials and Methods

Study Areas
This study was conducted in three districts: Urban Mueang Chiang Mai (MU), suburban Hang Dong (HD), and Mae Rim (MR) in the central part of Chiang Mai province ( Figure 1 ). The entire area of each of the three districts was stratified initially based on a systematic random sampling method [22] . The contour maps of Chiang Mai province (MapMagic TM scale 1:150,000 with a UTM projection type, Everest Spheroid and the Indian 1975 Datum) were used for plotting the study area. The description of study sites selection and land use categories was provided in the previous study [16] . Six different land uses were classified: disturbed mixed deciduous forest (DDF), mixed deciduous forest (MDF), mixed orchard (MO), paddy field (PF), lowland village (LLV), and city town (CT) [15, 16] . 
Fly Collection
Sampling was conducted at 18 sites, representing six land uses and covers three districts of the central part of Chiang Mai province, Thailand [16] . The collection was performed from May 2009 to May 2010. Adult fly collection was carried out every two weeks using an in-house prototype reconstructable funnel trap kit. The collection procedure and description of the trap was described previously [15, 16] . Two hundred and fifty grams of 1-day tainted beef offal [23] was used as bait positioned underneath the fly entrance module at the base of trap. The traps were exposed for a 1-h period between 9:00 and 12:00 am. The physical variables were noted at each study site, including temperature ( • C), relative humidity (%) (Digital Hygro-Thermo Meter (DHT-1); (Daeyoon Scale Industrial Co., Ltd., Seoul, South Korea) and light intensity (lux) (LUX/FC light meter TM-204 Tenmars, Tenmars Electronics Co., Ltd., Taipei, Taiwan). The GPS coordinates were recorded using Garmin TM eTrex Handheld GPS (Garmin China Co., Ltd., Chaoyang, China).
All trapped flies were sacrificed using a freezer set at 0 • C for 2 h. They were identified individually under a dissecting microscope (model SZ2-ILST, Olympus Corporation, Tokyo, Japan) using taxonomic keys of Tumrasvin et al. [24] , sexed and counted at the laboratory of the Department of Parasitology, Faculty of Medicine, Chiang Mai University. Four species of Chrysomyinae flies were studied, comprising: Chrysomya pinguis (Walker), Chrysomya chani Kurahashi, Chrysomya villeneuvi Patton, Ceylonomyia nigripes (Aubertin). The adults of these species are metallic green in coloration, presenting setulae on the posterodorsal surface of stem-vein of wings. Prealar knobs bear erect hairs. The adult of Cey. nigripes is a small size blow fly (4.0-6.0 mm body size). It has white mesothoracic spiracles. Eyes are dichoptic in both sexes. An orientation of sternopleural bristles is formed as 0 + 1 pattern. The adults of C. villeneuvi, C. chani and C. pinguis have fuscous gena and brown to black mesothoracic spiracles. Femora are greatly swollen in C. villeneuvi and the disc of the 5th tergite of males is covered with dense short hairs but almost bare in female. In C. chani and C. pinguis, the disc of the 5th tergite is covered with many fine erect bristles in both sexes. The adult of C. chani has a white anterior half, with yellowish-white margin, of upper squama. On the contrary, in C. pinguis, an anterior half of upper squama is covered with dark brown to black hairs.
Statistical Analysis
For the statistical and geospatial analyses, a base-10 logarithm (log 10 ) transformation of the raw data (n + 1) was applied to improve the normality of distribution. Bivariate correlation analysis and Pearson Product Moment Correlation (r) were analyzed to measure the association between climatic variables (temperature, relative humidity and light intensity) and fly populations. The data for all study sites were combined before analysis. One-way analysis of variance (ANOVA) followed by a post-hoc Bonferroni test (homogeneity of variance: p > 0.05) or Dunnett T3 test (homogeneity of variance: p < 0.05) were employed to compare mean total number of flies between land use types using SPSS 22.0 (IBM Corp., Armonk, NY, USA) for Windows (α = 0.05). When the significant relationships were found, the kriging/co-kriging techniques were used to model spatial patterns of flies in the different localities using the Geostatistical Analyst tool of ArcGIS 9.2 program (ESRI, Redlands, CA, USA). These techniques help to predict values at unsampled locations [16] . In this study, the parameters were used in co-kriging including climatic factors that had a significant relationship with fly numbers and the total number of flies collected during May 2009 to May 2010. Furthermore, the "land use" categories were also included in the analysis as dummy variables. The mathematical model, which provided the lowest root-mean-square prediction error, was chosen as a model for estimating the semivariogram/covariance function [16] .
Results
A total of 1298 Chrysomyinae flies were collected, comprising four species: C. pinguis, C. chani, C. villeneuvi, and Cey. nigripes. The most abundant fly was C. pinguis (n = 512; 39.4%), followed by C. chani (n = 348; 26.8%), C. villeneuvi (n = 245; 18.9%), and Cey. nigripes (n = 193; 14.9%). These species were collected mostly in MDF (75.6%), followed by MO (11.5%), PF (10.9%), LLV (1.4%) and DDF (0.7%) ( Table 1) . None of these flies were trapped in CT throughout a one-year survey. Seasonal fluctuations of collected flies were found, with a peak in the summer (late April-May). The reduction of trapped specimens was observed in the rainy season and remained constantly low through the winter ( Figure 2 ).
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As previously stated, an adequate knowledge of ecology and geographical abundance of blow flies has a direct application in forensic science [25] . However, the information on geographic distribution of forensically important flies in Thailand is limited. This study was the first to determine the abundance of four forensically important Chrysomyinae flies; C. pinguis, C. chani, C. villeneuvi, and Cey. nigripes, over a full year in northern Thailand. Additionally, predictive distribution maps of these species were generated using systematic random sampling and GIS. Although the collection sites in this study were chosen in different broad ecological locations, our results clearly indicate these four species prefer mixed deciduous forest over the residential areas (e.g., city town and lowland village). This is consistent with the previous study, in which C. chani and Cey. nigripes were collected mostly from corpses found in the forest [19] . A recent study also documented C. pinguis and C. villeneuvi associated with a human corpse found in forest of high mountainous area (1200 m asl.) in northern Thailand [26] . However, C. villeneuvi was also reported in a case from urban/suburban area [19] . In Australia, Cey. nigripes was strongly associated with areas of high percentage of forest cover [27] . On the contrary, the study in Malaysia reported Cey. nigripes on the remains found in a house/apartment [20] . Therefore, the variation of fly infestations in each locality could be due to the availability of food sources, food preferences, ecological features of each locality, and the disturbances of humans.
Local availability of food sources could possibly be the factor affecting the abundance of blow flies found in each land use. In natural conditions, blow flies are typically necrophagous and saprophagous. As bacteria decompose, the necrophagous flies feed on removing the soft tissues of animal carcasses [28] . These four species might prefer small to large wild animal carcasses available in forest areas rather than the garbage or small carcasses, which may be the main resources in nearby residential areas. Furthermore, ecological features in each land uses probably affected ambient temperature as a result of differences in exposure of sunlight. The degree of sun exposure was influenced by the denseness of the trees, the increases in tree cover as in the forest increase sun protection that maintains the temperature range [29] . The study in Malaysia reported a greater variation in weather data recorded in the rural area than in the forest [30] . Furthermore, fewer disturbances from humans in mixed deciduous forests might be another factor affecting these flies' abundance. As reported in Japan, C. pinguis larvae were more likely to be found on corpses found in the less populated areas [17] .
Seasonal variation impacted the abundance of blow flies. When individual species were examined in different habitats across seasons, we determined that the abundance and distribution of the fly species in question were impacted. According to our study, blow fly abundance peaked during summer, and diminished in the rainy season and winter. In general, this finding is consistent with previous reports, as greater numbers of flies were found in hot weather season (23-45.2 • C) than in cold weather season (16.7-34.9 • C) [3, 25, 31] . The higher temperatures in the summer period accelerate the developmental rate of blow flies. Conversely, the lower temperatures (16.7-20 • C) in cold weather conditions reduce the attractiveness of the baited trap [32] and the flying activity of flies ( Figure 3) . Our results further indicate only C. pinguis and C. villeneuvi were active throughout the year. However, it should be noted that these two species were trapped mostly at temperatures from 20-25 • C. The reduction in C. chani and Cey. nigripes numbers during the rainy season and/or winter most likely is due to their preference for higher temperatures (25-30 • C). A study in China also suggested Cey. nigripes prefers warmer temperatures [33] . However, conflicting results were observed by Moophayak et al. [13] , when Cey. nigripes only vanished from the summer collections. This may be due to differences in study designs (e.g., sampling method, collection period, and study sites) or population variation [34] . Furthermore, the attractiveness of 1-day tainted bait used in this study may not be suitable for luring C. chani and Cey. nigripes, as they prefer an advanced state of decomposition [35, 36] . Especially during the rainy season and the winter, volatiles released by the bait most likely decreased thus reducing attraction of flies.
Environmental factors undoubtedly impacted the diversity of blow flies, however, differences were observed among the species. Assessment of climatic factors on fly populations indicated C. pinguis increased when temperature (20.7-23.4 • C) and light intensity (630-1870 lux) were low. A previous laboratory study indicated C. pinguis was more active at 15 • C, which supports its preference of the areas and seasons with low temperature [37] . Light intensity also had a negative effect on the population of C. villeneuvi. These may support the habitat preferences of these two species, because a mixed deciduous forest has a dense tree cover that protects from the sun and maintain temperature. According to the statistical analysis, C. chani and Cey. nigripes showed no correlation with any climatic factors. Furthermore, humidity has no influence on any species in this study. Azevedo and Krüger [38] reported Chrysomya spp. have a positive correlation with temperature; humidity was determined not to be a factor. Our results clearly indicate that flies are not active when temperature exceeds 40 • C. Similar results were determined for C. rufifacies in Texas, USA with flies not being active during the hottest period of the day [39] . Because blow flies are ectotherm, the temperature is a major factor limiting their environmental preferences [21] . A study in Taiwan also reported that a significantly lower eclosion ratio of C. pinguis than C. megacephala at 30 • C indicated differences between temperature adaptations [37] . Therefore, temperatures >40 • C may be too high for these forest-associated species to be adapted. However, it should be emphasized that climatic factors (e.g., temperature, relative humidity and light intensity) in this study were recorded as point data collection at the onset of fly trap setting. Therefore, using climate data logger to record data over the study period may provide a more accurate relationship of environmental factors on fly population dynamics.
The species distribution modelling can identify the preference of a particular species in a certain locality. Therefore, it could be applied to verify the potential of corpse relocation in a forensic scenario [40] . Human remains are more likely to be moved from an open area to a forest habitat because it is more easily to be concealed. As a result, the insects which inhabit a corpse in an open environment but not in forested habitats might be good indicators of remains being relocated [41] . Our results clearly indicated these four Chrysomyinae species prefer mixed deciduous forests over the residential areas (e.g., city town and lowland village). Consequently, these four species might not be suitable indicators for corpse relocation when compare with the common blow flies, C. megacephala and C. rufifacies [15, 16] . However, the maggots of theses flies can be used in the estimation of PMI min when corpses are found in the forest. This study was carried out in only one urban area (Mueang Chiang Mai district). Therefore, the absence of a particular species in a specific habitat does not make it unsuitable to be used as an insect evidence to explain the circumstances associated to death.
During the early postmortem period, the PMI min estimation was calculated based on the evaluation of the presumed oldest maggot found on the corpses. As developmental time is species specific, proper identification of the larvae found on a corpse is crucial for accuracy in age estimation [4] . Although larval morphology of these four Chrysomyinae has been well studied, they share some common features making identification difficult (e.g., C. megacephala and C. rufifacies) [26, [42] [43] [44] . Even though, DNA-based techniques can be used for species identification, there are some limitations. For instance, the molecular approach relied on mitochondrial genes were unable to differentiate C. pinguis and C. megacephala [45] . In India, C. chani and C. megacephala were unable to be distinguished using the COI gene [46] . Our results clarified the distribution ranges of C. pinguis and C. chani, which are different from C. megacephala [16] . Thus, when corpses were found in mixed deciduous forest in mountainous area in Thailand, four Chrysomyinae flies reported here are the major species that should be taken into account.
Conclusions
This study provides greater detail of the distribution of four carrion-associated species and the factors influencing their distribution. This research generates a better understanding of the distribution of these forensically important fly species in Thailand. Nonetheless, further studies on biological aspects (e.g., biology, life table, insect succession) of these species associated to different land uses, are necessary to gain better understanding on the potential of these species as entomological evidence in forensic investigations.
